The 59 leader region of the human immunodeficiency virus 1 (HIV-1) RNA genome contains the major 59 splice site (ss) that is used in the production of the many spliced viral RNAs. This splice-donor (SD) region can fold into a stable stem-loop structure and the thermodynamic stability of this RNA hairpin influences splicing efficiency. In addition, splicing may be modulated by binding of splicing regulatory (SR) proteins, in particular SF2/ASF (SRSF1), SC35 (SRSF2), SRp40 (SRSF5) and SRp55 (SRSF6), to sequence elements in the SD region. The role of RNA structure and SR protein binding in splicing control was previously studied by functional analysis of mutant SD sequences. The interpretation of these studies was complicated by the fact that most mutations simultaneously affect both structure and sequence elements. We therefore tried to disentangle the contribution of these two variables by designing more precise SD region mutants with a single effect on either the sequence or the structure. The current analysis indicates that HIV-1 splicing at the major 59ss is modulated by both the stability of the local RNA structure and the binding of splicing regulatory proteins.
INTRODUCTION
In eukaryotic cells, primary RNA transcripts are co-transcriptionally spliced in the spliceosome complex to remove intronic sequences that are located between splice donor and splice acceptor sites (59ss and 39ss, respectively). Splicing events between alternative 59ss and 39ss positions allow the formation of variant mRNAs and contribute to the proteome complexity. Formation of the spliceosome complex is initiated by binding of U1 snRNP to the 59ss, which depends on sequence complementarity between the 59ss and 59 end of the U1 snRNA component of U1 snRNP. In addition, splicing efficiency is controlled by splicing regulatory elements (SREs) to which regulatory proteins bind that either increase or decrease the recruitment of spliceosome components (Wang & Burge, 2008) . It was initially described that SR proteins with a characteristic serine and arginine rich domain enhance splicing, whereas hnRNPs would specifically inhibit splicing (Graveley, 2000; Wang & Burge, 2008) . More recently, it was described that SR proteins and hnRNPs can both activate and repress splicing depending on their position relative to the 59ss (Erkelenz et al., 2013; Ibrahim et al., 2005; Kanopka et al., 1996; Schaub et al., 2007; Wang et al., 2011; Zhou & Fu, 2013) . The local RNA structure at the 59ss can also influence binding of spliceosome components and modulate splice site usage (Buratti & Baralle, 2004; Eperon et al., 1988; Goguel et al., 1993; Grover et al., 1999; Hutton et al., 1998; Liu et al., 1995; McManus & Graveley, 2011; Shepard & Hertel, 2008; Singh et al., 2007; Solnick, 1985; Spillantini et al., 1998; Warf & Berglund, 2010 ).
Human immunodeficiency virus 1 (HIV-1) is an attractive model to study the regulation of splicing because this virus produces a single primary transcript and numerous differentially spliced mRNAs. The unspliced transcript (approximately 9 kb in size) is used as genomic RNA that is packaged in virus particles and as mRNA for the production of Gag and Pol proteins. This RNA encodes several 59ss and 39ss, and alternative splicing creates singly (approximately 4 kb) and multiply (approximately 2 kb) spliced mRNAs that are used for translation of the other seven viral proteins. Splicing has to be strictly regulated to allow the balanced production of all viral RNAs and proteins. The HIV-1 transcript contains several SREs to enhance or inhibit splicing at nearby positioned splice sites (Damgaard et al., 2002; Karn & Stoltzfus, 2012; Leblanc et al., 2013; Stoltzfus, 2009; Stoltzfus & Madsen, 2006; Tange et al., 2001; Zahler et al., 2004) . Furthermore, usage of HIV-1 splice sites can be influenced by local RNA complementarity to the 59 end of U1 snRNA ( 39 GUCC-AUUCAUA 59 ), which will allow efficient U1 snRNA annealing and splicing. Both splicing regulatory proteins and local RNA structure may have a role in controlling splicing efficiency. Using ESEfinder, an algorithm based on systematic evolution of ligands by exponential enrichment (SELEX)-identified RNA binding sites for splicing regulatory proteins (Cartegni et al., 2003; Smith et al., 2006) , Asang et al. (2012) recently predicted binding of the SR proteins SF2/ASF (SRSF1), SC35 (SRSF2), SRp40 (SRSF5) and SRp55 (SRSF6) to the major 59ss region (Fig. 1b) . Mutations in the putative SC35 binding sites did indeed affect SC35 binding and increased the splicing efficiency, whereas mutations in the SRp40 binding site reduced splicing. We recently described that splicing at the major 59ss is also controlled by RNA structure. Sequences surrounding the major 59ss can fold into a stem-loop structure, the splice-donor (SD) hairpin, that partially occludes the 11 nt sequence to which U1 snRNA anneals ( Fig. 1a ). Different HIV-1 isolates and the related SIVmac239 can fold a similar 59ss structure (Mueller et al., 2014; Pollom et al., 2013) . This evolutionary conservation supports the idea that this structure has an important role in viral replication. Destabilization of this hairpin structure increased splicing, which indicates that the WT structure suppresses splicing (Mueller et al., 2014) . We demonstrated that such destabilization of the SD hairpin reduced virus replication. Stabilization of the hairpin, which further reduced splicing, also inhibited virus replication (Abbink & Berkhout, 2008) . Apparently, HIV-1 splicing at the major 59ss is fine-tuned by SD hairpin stability for optimal replication. The RNA structure likely modulates splicing by controlling accessibility for the splicing machinery, including the U1 snRNP and SR proteins. On the other hand, SR protein binding may also affect the SD hairpin stability. Thus, an intricate interplay between local RNA structure and RNA binding proteins may control splicing at the major 59ss.
To study the regulatory role of RNA structure in HIV-1 splicing, we previously modified the SD hairpin stability by mutation, followed by measurement of the splicing efficiency. The introduced mutations were carefully chosen not to affect the U1 snRNA binding site but may have affected other sequence elements, in particular the putative SR protein binding sites (Asang et al., 2012) . We therefore designed specific sets of SD region mutants that allowed us to unravel the role of RNA structure and sequence elements in splicing regulation.
RESULTS

Mutations in the SD hairpin sequence affect splicing efficiency
In our previous study that aimed to analyse the role of SD hairpin stability in splicing control, we introduced nucleotide substitutions in the left hand side of the lower stem region (mutants A L , B L and AB L ; Fig. 1a ) (Mueller et al., 2014) . These mutations destabilized the RNA hairpin but also changed the accessibility of 59ss nucleotides for interaction with U1 snRNA (Fig. 1b ). In particular, the cleavage site (indicated with m) that was presented in the loop of the WT hairpin was occluded in the stem region of the mutants. We therefore created new SD hairpin variants in which nucleotides in the right-hand side of the stem were substituted (A R , B R , AB R ). These mutations also reduced hairpin stability but did not (A R ) or only slightly (B R , AB R ) modify the presentation of the U1 snRNA binding site. We also combined the left-and right-hand side mutations (A LR , B LR and AB LR ; Fig. 1a ). These double mutants fold a WT-like hairpin with similar presentation of the 59ss, but its stability was slightly less than the WT hairpin because C-G base pairs were replaced by A-U base pairs. Quantitative analysis of splicing at the 59ss in the complete HIV-1 context is complicated because of pleiotropic effects. For example, the regulatory Tat and Rev proteins are produced from fully spliced transcripts. Tat enhances transcription from the viral LTR promoter (Das et al., 2011 and references therein) and influences splice site selection (Jablonski et al., 2010) . Rev stimulates nuclear export of the unspliced and singly spliced viral RNAs. Moreover, Rev may influence other replication processes, like translation and encapsidation of viral RNAs (reviewed by Groom et al., 2009 ). Thus, both the level of the viral RNAs and the ratio between the spliced and unspliced RNAs will be influenced indirectly and in an uncontrolled way by changes in the initial splicing efficiency. Therefore, we used a simplified splicing reporter: an LTR-driven leader RNA-luciferase construct with the major 59ss in the HIV-1 leader region and a 39ss in the luciferase gene ( Fig. 2a ). We previously demonstrated that mutations in the SD hairpin that increase or decrease splicing of this reporter RNA also affect virus replication when introduced into the complete HIV-1 genome (Abbink & Berkhout, 2008; Mueller et al., 2014) . Furthermore, these SD mutations did not affect other gene expression processes, like RNA production, polyadenylation or translation, or the effects were relatively small compared to the observed splicing effects (Mueller et al., 2014) .
Reporter constructs with the WT or SD-mutated HIV-1 leader region were transfected into 293T cells. Cells were co-transfected with a Tat-expressing plasmid to activate transcription from the LTR promoter. The production of unspliced and spliced RNA was analysed at 48 h after transfection. For this, RNA was isolated from the transfected cells and reverse transcribed. The cDNA was PCR-amplified with a primer combination that detects both unspliced and spliced transcripts (710 bp and 429 bp products, respectively; Fig. 2a ) and the PCR products were analysed by agarose gel electrophoresis. With the WT and mutant constructs, both RNA products were detected (Fig. 2b) . The 429 bp spliced RNA product was more abundantly present than the 710 bp unspliced RNA product, indicating that splicing at this 59ss is very efficient, which is in agreement with previous results (Mueller et al., 2014) . The level of unspliced RNA seemed to be slightly decreased for the mutants when compared with WT, while the level of the spliced product was slightly increased (Fig. 2b) . These results indicate that all tested mutations increase the splicing efficiency.
Because the RT-PCR (reverse transcription -polymerase chain reaction) analysis provides only semiquantitative results, the effect of the mutations on splicing was also quantitatively analysed by measuring the luciferase activity in transfected cells. Whereas the unspliced RNA encodes an active luciferase protein, the spliced RNA does not ( Fig. 2a ). All mutants showed reduced luciferase activity compared to WT (Fig. 2c ), which is in agreement with the observed increase in splicing. Similar effects were observed when the cells were transfected without Tat plasmid and lowlevel transcription is driven by the basal LTR promoter activity. In our previous study (Mueller et al., 2014) , we demonstrated that the luciferase construct with a WT SD hairpin is efficiently spliced (approximately 85% splicing). Based on the observed luciferase levels ( Fig. 2c ), we calculated that splicing of the A L , B L and AB L mutants is increased to approximately 92-93% ( Fig. 2d ), which is in agreement with our previous observations (Mueller et al., 2014) . The A R , B R and AB R mutants, which were similarly destabilized as the A L , B L and AB L set, but differ in the presentation of the 59ss nucleotides, exhibited a similar increase in splicing efficiency. These results demonstrate that destabilization of the SD RNA structure increased splicing and that changes in the presentation of the U1 snRNA binding nucleotides had no or only a minor effect, which confirms that splicing is restricted by the WT SD hairpin stability. The A LR and B LR mutants, in which the left-and righthand side A and B mutations were combined, demonstrated a similar increase in splicing as the single-side mutants, while the AB LR demonstrated a further increase in splicing (approximately 96%) compared with the single-side AB mutants. These results were surprising because we expected that partial restoration of the hairpin stability would at least partially restore the inhibitory effect of RNA structure on splicing. Possibly, underlying sequence elements that influence splicing were affected by 
mean and SD of three measurements are shown. t-test analysis was used to demonstrate statistically significant differences between the WT and mutant values (*, P,0.05) from the WT value (both with and without Tat). Mock, control cells transfected with the empty pBluescript plasmid instead of the pLTR-gag-flagluc construct. (d) The splicing frequency of the WT and mutant constructs was calculated, based on the measured luciferase levels. We previously measured 85 % splicing, i.e. 15 % unspliced mRNA, for the WT construct (Mueller et al., 2014) . This value was used to calculate the unspliced RNA level of the mutant constructs (RLU mutant / RLU WT 615 %) and their splicing efficiency (100 % 2unspliced RNA mutant %).
the introduced mutations such that the double mutants were similarly or even more severely affected than the single mutants. Asang et al. (2012) predicted binding of several SR proteins to sequences overlapping or surrounding the 59ss of the HIV-1 NL4-3 strain. Our constructs are based on the related HIV-1 LAI isolate. The 59ss regions of NL4-3 and LAI differ only at the position immediately upstream of the SD hairpin sequence (position 281 in Fig. 1a : A in LAI, C in NL4-3) and the isolates can fold an identical SD hairpin structure and encode the same putative SR protein binding sites ( Fig. 1b ). Mutational analysis experiments by Asang et al. (2012) indicated that binding of the SR protein SC35 reduces splicing, whereas SRp40 and SRp55 stimulate splicing. To evaluate the effect of the introduced A, B and AB mutations on binding of these splice factors, we analysed the WT and mutant SD sequences with the ESEfinder software (Table 1 ). The A L mutation did not affect any of the predicted binding sites present in WT, but all other mutations did affect one or two of these sites. The AB LR mutations resulted in the loss of two SC35 binding sites, which in combination with the relatively low hairpin stability may explain the very high splicing efficiency observed for this mutant. Thus, except for the A L mutant, both the stability of the local RNA structure and the presence of SR protein binding sites may have influenced splicing of the SD hairpin variants.
Stability of the SD hairpin structure influences splicing efficiency
We designed a new set of SD hairpin mutants in which exclusively the RNA stability and not the predicted protein binding sites were affected. The 11 nt U1 snRNA binding site was also not modified. To identify suitable mutants, the SR protein binding capacity of SD hairpin sequences with all possible 1 nt substitutions was analysed with ESEfinder (Table 2) . Most nt substitutions affected one or several of the previously described SR protein binding sites or created a new binding site. Apart from the A L mutation, two 1 nt mutations were possible that did not affect any putative SR protein binding site (T2 and T3 mutants in Table 2 ). As shown in Fig. 3 , these mutations destabilized the SD hairpin structure to different extents [DG T2 525.2 and DG T3 527.1 kcal mol 21 (1 kcal54184 J)]. Unfortunately, the T3 mutation resulted in considerable complementarity to the 59 end of U1 snRNA (59GAGGU-GACUGG39; nts complementary to U1 snRNA in italics), including a GU dinucleotide at position 4-5, which is an invariable characteristic of 59ss sequences. To estimate the strength of the new 59ss, we calculated the hydrogen bond score (HBS), which reflects the base pairing potential with U1 snRNA (Freund et al., 2003; Hartmann et al., 2008) . Whereas the WT 59ss has an HBS value of 17.5, the new site has an HBS of 10.7, which indicates that this site could function as a weak alternative 59ss. The T2 mutation also created a GU dinucleotide, but with modest complementarity to U1 snRNA (59GGAGUCGACUG39; HBS, 1.8), which makes it unlikely that this sequence will function as a 59ss. Although the presence of an alternative 59ss may complicate the analysis, we included the T3 mutant in our experiments because of the limited possibilities to destabilize the SD hairpin without affecting putative SR protein binding sites.
To analyse the effect of these destabilizing mutations on 59ss usage, T2 and T3 mutated leader RNA-luciferase reporter constructs were generated. 293T cells were transfected with the WT and mutated constructs and luciferase production was measured after 48 h to estimate the splicing efficiency. Both mutants showed a decrease in luciferase activity, which reflects an increase in splicing compared to the WT (Fig. 3c ). The T2 mutated SD hairpin has similar thermodynamic stability as the A L mutant (DG5 25.2 kcal mol 21 ) and the same increase in splicing was 
1 SF2/ASF site as predicted using the original SF2/ASF (IgM) matrix (Cartegni et al., 2003) . 2 SF2/ASF site as predicted using the improved SF2/ASF (IgM-BRCA1) matrix (Smith et al., 2006) . +, binding site present; 2, binding site absent; changes due to mutations highlighted in grey.
Control of HIV-1 splicing measured (92%) (Fig. 3d) . The results obtained with the T2 mutant thus confirm that the stability of the SD hairpin influences splicing. The more moderately destabilized T3 variant (DG527.1 kcal mol 21 ) demonstrated a smaller increase in splicing efficiency (90%), which is in agreement with the inverse correlation between RNA structure stability and the level of splicing (Fig. 3e ). We did not investigate whether alternative splicing is induced for the T3 mutant. The observed correlation between RNA structure stability and splicing efficiency does suggest that if splicing occurred at the new 59ss, this did not significantly affect the outcome of the experiment, possibly because both 59ss sites are similarly suppressed by the same RNA structure.
SR protein binding sites in the SD hairpin sequence affect splicing efficiency
To critically test the effect of SR protein binding on splicing, we generated another set of SD hairpin variants in which we tried to modify the predicted SR protein binding sites without RNA structure consequences. For this, base pair co-variations were introduced in the left-and right-hand side of the lower hairpin stem. In the X, Y and Z variants (Fig. 4a, b) , a G-C base pair was replaced by C-G or vice versa. Two or three of these co-variations were combined in the XY, YZ, XZ and XYZ variants. The thermodynamic stability of the mutated hairpins was similar to that of the WT hairpin (DG529.0 kcal mol 21 ) or differed only slightly (ranging from 27.8 to 29.8 kcal mol 21 ). ESEfinder predicted that the mutations removed at least one SC35 or SRp55 binding site, except for the YZ mutant (Table 3) . Some of the mutations created a new candidate SR protein binding site.
Upon transfection of cells with the WT and mutated leader RNA-luciferase reporter constructs, the luciferase level was measured ( Fig. 4c ) and used to determine the splicing efficiency ( Fig. 4d ). Complex effects were scored that are indicative of both binding site and RNA structure effects. The Y and YZ hairpins have the same DG as WT and these mutants showed a slightly increased level of splicing (approximately 88%), which can be explained by deletion of predicted binding sites for the splicing-inhibiting SC35 protein or creation of a binding site for the splicing-enhancing SF2/ASF protein. The XY, XZ and XYZ mutations, which all slightly destabilized the hairpin to the same level (DG528.6 kcal mol 21 ), increased splicing to different levels. Splicing was almost complete for the XY mutant (97%), which can be explained by deletion of two SC35 sites and creation of a single SF2/ASF site. Splicing of the XZ and XYZ mutants was only moderately Fig. 3 . Destabilization of the SD hairpin structure without affecting SR protein binding sites increases splicing. (a) Alignment of the WT and mutant SD hairpin sequences (see Fig. 1b for details). (b) The structure and thermodynamic stability (DG in kcal mol 21 ) of the WT and mutant SD hairpin structures are shown (see Fig. 1a for details). (c) Luciferase production in cells transfected with the WT or mutant pLTR-gag-flag-luc plasmids with or without a Tat plasmid was analysed as described in Fig. 2c . The mean and SD of three independent experiments are shown. (d) The splicing frequency of the WT and mutant constructs was calculated as described in Fig. 2d. (e) The thermodynamic stability (DG) of the WT, A L , T2 and T3 SD hairpins was plotted against their splicing efficiency.
increased (90% and 92%, respectively). The XZ mutant holds the same putative binding sites as the XY mutant, except that one SRp55 binding site was lost. This site was also absent for the XYZ mutant. SRp55 binding stimulates splicing (Long & Caceres, 2009 ) and loss of this site may explain the relatively small increase in splicing efficiency of the XZ and XYZ mutants.
The same binding sites are predicted for the Y mutant as for the XY mutant (deletion of two SC35 sites and creation of a SF2/ASF site). These mutants differ only slightly in hairpin stability (DG Y 529.0 kcal mol 21 ; DG XY 528.6 kcal mol 21 ), but demonstrated a large difference in splicing efficiency (88% and 97%, respectively). These results indicate that slight destabilization of the hairpin can significantly increase splicing when the predicted SR protein binding sites are modified at the same time. The X mutation significantly increased splicing (95%) which may be due to reduced hairpin stability (DG527.8 kcal mol 21 ) in combination with the loss of two SC35 sites. The Z mutation slightly stabilized the SD hairpin (DG529.8 kcal mol 21 ), which in combination with the loss of a SRp55 site, may have caused the observed reduction in splicing, despite the loss of an SC35 site. Taken together, these results indicate an intricate interplay of positive and negative protein binding sites and repressive RNA structure in the regulation of HIV-1 splicing.
DISCUSSION
The SD hairpin in the HIV-1 leader RNA encompasses the major 59ss that is used in the production of all spliced viral RNAs. We demonstrate that both the stability of the SD hairpin and underlying sequence elements to which SR proteins can bind control the level of splicing. Whereas previous reports described either RNA structure (Mueller et al., 2014) or sequence effects (Asang et al., 2012) , we designed three sets of mutants to disentangle the contribution of sequence and structure components.
In the first set, we compared hairpin variants with nt substitutions on the left, right and both sides of the basepaired SD stem. The single mutants with a destabilized hairpin increased the splicing frequency as expected. Surprisingly, the double mutants that (partially) restored hairpin stability did not restore the WT phenotype, but increased splicing to the same or higher level as the single-side mutations. These results indicated that the mutations did not only exert a structure but also a sequence effect. In silico analysis of the mutated SD sequences for the presence of SR protein binding sites indicated that -except for the single-side A L mutation -all mutations may indeed affect SR protein binding, which obviously complicated the analysis.
In a second approach, we set out to design mutations in the lower SD stem that changed the RNA structure, but that did not remove existing or create new putative SR protein binding sites. This resulted in two 1 nt mutations (T2 and T3) that -like A L -destabilized the hairpin structure without affecting SR protein sites. Both mutations increased the splicing efficiency and an inverse correlation was observed between the thermodynamic stability of the hairpin and splicing efficiency (Fig. 3e) . These results confirmed the role of RNA structure in the modulation of HIV-1 splicing.
To analyse the role of the SR protein binding in splicing control, we designed a third set of hairpin mutants with a minimally affected RNA structure, but with mutations in the predicted SR protein binding sites. Comparison of the activity of three constructs with a WT hairpin stability (WT, Y and YZ; DG529.0 kcal mol 21 ) and different configuration of putative SR protein binding sites indicated that splicing is most likely affected by the binding of SR proteins. Analysis of three variants with a slightly destabilized hairpin (XY, XZ and XYZ; DG528.6 kcal mol 21 ) and differences in the SR binding site configuration similarly implicate the role of SR protein binding in splicing control. These results are in agreement with previous observations by Asang et al. (2012) . (Cartegni et al., 2003) . 2SF2/ASF site as predicted using the improved SF2/ASF (IgM-BRCA1) matrix (Smith et al., 2006) . +, binding site present; 2, binding site absent; changes due to mutations highlighted in grey.
Control of HIV-1 splicing
The Y and XY mutations similarly changed the predicted SR binding site configuration (loss of two SC35 splicinginhibiting sites and creation of a candidate SF2/ASF splicing enhancer). Whereas the corresponding SD hairpins differed only slightly in thermodynamic stability (DG Y 5 29.0 kcal mol 21 ; DG XY 528.6 kcal mol 21 ), a notably large difference in splicing efficiency was observed (88% and 97%, respectively). Thus, a relatively small destabilization (DDG50.4 kcal mol 21 ) resulted in nearly complete splicing (9% increase). In contrast, comparison of the hairpin stability and splicing activity of the WT (DG529.0; 85% splicing) and T3 variant (DG527.1; 90%), which both have a WT binding site configuration, reveals a smaller increase in splicing (only 5%) upon a more pronounced hairpin destabilization (DDG521.9 kcal mol 21 ). Thus, a change in RNA stability translates into a smaller splicing effect in a WT SR protein binding site configuration than in a splicing-activated context. These results demonstrate the interplay between RNA structure and SR protein binding in the control of splicing and indicate that both regulatory components act synergistically on the major 59ss.
SR protein binding analysis of mutant sequences was based on the ESEfinder software. Asang et al. (2012) previously used ESEfinder to identify the potential SR protein binding sites in the WT SD region. SC35 protein binding was confirmed experimentally, but other interactions remain putative. It should be noted that a high ESE score does not guarantee SR protein binding (Cartegni et al., 2003) . Furthermore, we only scored the presence or absence of a binding site, but the affinity of the SR protein may vary for a slightly different sequence and such effects may have contributed to the observed differences in splicing efficiency. In fact, some of the binding sites overlap and only the protein with the highest affinity may bind. Moreover, ESEfinder only predicts SR protein binding sites and the mutations could also inactivate or create binding sites for other regulatory proteins like hnRNPs. Despite these complexities, our analysis demonstrates that splicing at the HIV-1 major 59ss does not only depend on the SD hairpin stability but also on the sequence of this region. The introduced mutations did not affect the 11 nt 59ss sequence to which the U1 snRNA anneals and it seems likely that the observed sequence effects are due to altered binding of splicing regulatory proteins. In fact, it seems possible that the SD hairpin stability will also affect binding of these regulatory proteins by determining the accessibility of their binding sites. The structure and thermodynamic stability (DG in kcal mol 21 ) of the WT and mutant SD hairpin structures are shown (see Fig. 1a for details). (c) Luciferase production in cells transfected with the WT or mutant pLTR-gag-flag-luc plasmids with or without a Tat plasmid was analysed as described in Fig. 2c . The mean and SD of three independent experiments are shown. (d) The splicing frequency of the WT and mutant constructs was calculated as described in Fig. 2d .
HIV-1 replication requires both the unspliced and the many spliced RNAs, and the ratio between these RNAs varies during the replication cycle. For example, at the onset of transcription the virus needs fully spliced transcripts for the production of the regulatory proteins (Tat and Rev) and at a later stage the virus needs singly spliced and unspliced RNAs for the production of the virion components (Gag, Pol and Env proteins and genomic RNA). The HIV-1 59ss is potentially very strong because of the high sequence complementarity with the 59 end of U1 snRNA. It seems likely that HIV-1 cannot select a weaker 59ss with reduced U1 sequence complementarity to limit splicing, because this would hamper efficient splicing at all stages. Therefore, HIV-1 needs regulatory mechanisms to control the level of splicing. We here demonstrate that both local RNA structure and local SR protein binding sites are involved in this control. To prevent excessive splicing, the major 59ss is positioned in a hairpin structure that partially occludes the U1 snRNA binding site. The level of splicing can subsequently be fine-tuned by the binding of the regulatory SR proteins. At a later stage, the HIV-1 Rev protein will also influence splicing by stimulating the nuclear export of unspliced and singly spliced transcripts that encode the Rev-responsive element. These complex mechanisms allow HIV-1 to balance the production of spliced and unspliced RNAs in a temporal manner.
We recently demonstrated that even small changes in the splicing level inhibit HIV-1 replication (Mueller et al., 2014) . Targeting the balanced production of spliced and unspliced HIV-1 mRNAs is therefore an interesting, yet relatively unexplored target for antiviral therapy. For example, splicing can be increased by using modified U1 snRNAs that bind more efficiently to the 59ss (Mandal et al., 2010) . Another possibility is the use of antisense oligonucleotides that modify the SD structure (Peacey et al., 2012) , block the 59ss (Lentz et al., 2013) or target other SREs (Horne & Young, 2009; Hua et al., 2008; Lim & Hertel, 2001; Miyajima et al., 2002; Singh et al., 2006) . Splice regulatory proteins could be targeted by small molecules. For example, indole derivative compounds (IDCs) have been identified that selectively inhibit SR protein family members (Soret et al., 2005) . Certain IDCs potently inhibited HIV-1 replication in cell culture experiments (Bakkour et al., 2007; Soret et al., 2005) . Other IDCs inhibit replication of murine leukemia virus (MLV) and protect mice from MLV-induced pathogenesis (Keriel et al., 2009) . This differential inhibition of HIV and MLV by different IDCs most likely reflects distinct viral requirements for cellular splicing factors (Keriel et al., 2009 ). Thus, drugs that modulate the splicing process can be used for the development of a novel HIV-1 therapy that should be fully active against multidrug-resistant virus variants. Understanding how HIV-1 splicing is regulated at the molecular level and the identification of all cellular and viral factors involved may help in the design of new antiviral strategies.
METHODS
DNA constructs. The WT pLTR-gag-flag-luc plasmid and the variants with an A L , B L and AB L mutated SD hairpin sequence were described previously (Mueller et al., 2014) . New SD variants were created by 
*Nts that differ from the WT sequence are underlined.
DNt numbers refer to the position in the HIV-1 LTR region with +1 as the transcription start site.
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On: Fri, 28 Dec 2018 04:34:46 mutagenesis PCR (Mikaelian & Sergeant, 1992) with pLTR-gag-flag-luc as template. PCR1 was performed with primers TA109 (Table 4) and TATA-1 (Mueller et al., 2014) . PCR2 was performed with the primers TA016luc and one of the mutagenic primers shown in Table 1 . PCR1 and PCR2 products were purified and combined in a third PCR with outer primers TATA-1 and TA016luc. The resulting PCR3 product was HindIII and Nco I digested and ligated into the corresponding sites of the pLTR-gag-flag-luc vector. The pRL-CMV plasmid contains the Renilla luciferase reporter gene under control of the cytomegalovirus immediate early (CMV-IE) promoter (Promega). The plasmid pTatexon expresses the HIV-1 LAI Tat protein under control of the CMV-IE promoter (Das et al., 2011) .
Cell and virus cultures. 293T cells were cultured at 37 uC and 5% CO 2 in DMEM medium containing 10% FBS, nonessential amino acids, 40 units ml 21 penicillin and 40 mg ml 21 streptomycin (Das et al., 2004) . Cells were transfected by calcium phosphate precipitation as previously described (Das et al., 2004) .
Luciferase assay. 293T cells (approximately 1.5|10 5 cells per 2 cm 2 , 60% confluence) were transfected with 20 ng WT or mutant pLTR-gag-flag-luc, 0.5 ng pRL-CMV (as internal control), 5 ng pTat-exon or the empty pcDNA3 vector and 485 ng pBluescript (as carrier DNA). The cells were cultured for 48 h and subsequently lysed in passive lysis buffer (Promega). Firefly and Renilla luciferase activities were determined with the dual-luciferase assay (Promega) and the firefly luciferase activity was normalized to the Renilla luciferase activity. Data were corrected for between-session variation with the factor correction software (Ruijter et al., 2006) . Data were subjected to independent-samples t-test analysis (IBM SPSS) when indicated. The differences were considered significant when Pv0.05.
Splice site analysis. 293T cells (approximately 1.5|10 5 cells per 2 cm 2 , 60% confluence) were transfected with 1 mg WT or mutant pLTR-gag-flag-luc construct and 50 ng pTat-exon or pcDNA3. After 48 h, cells were washed with PBS, total cellular RNA was isolated with an RNeasy kit (Qiagen) and contaminating DNA was removed with RNasefree DNase during isolation (Qiagen). The RNA was used as template for cDNA synthesis with oligo dT and random hexamers as primer (Ther-moScript RT-PCR system; Invitrogen). The cDNA product was amplified by PCR with primers TA033 and TA113 (Abbink & Berkhout, 2008) as described (Abbink & Berkhout, 2008) . PCR products were analysed by agarose gel electrophoresis.
In silico analyses. The RNA secondary structure of the SD hairpin region was analysed with the Mfold algorithm (version 3.4) offered by the MBCMR Mfold server (http://mfold.burnet.edu.au) using standard settings (Zuker, 2003) . SR protein binding sites in the major 59ss region were identified with ESEfinder (version 3.0) using the standard threshold values (http://rulai.cshl.edu/cgi-bin/tools/ ESE3/esefinder.cgi?process5home; Cartegni et al., 2003; Smith et al., 2006) .
